We develop the off-shell nilpotent finite field dependent BRST transformations and show that for different choices of the finite field dependent parameter these connect the generating functionals corresponding to different effective theories. We also construct both on-shell and off-shell finite field dependent anti-BRST tranformations for Yang Mills theories and show that these transformations play the similar role in connecting different generating functionals of different effective theories. Analogous to the finite field dependent BRST transformations, the non-trivial Jacobians of the path integral measure which arise due to the finite field dependent anti-BRST transformations are responsible for the new results. We consider several explicit examples in each case to demonstrate the results.
BRST transformation uses equation of motion to achieve nilpotency which is referred as on-shell nilpotency. In order to make it nilpotent without using equations of motion, Nakanishi and Lautrup [5] introduced a new field, having no independent dynamics called as auxiliary field. In auxiliary field formulation BRST transformation becomes off-shell nilpotent.
Joglekar and Mandal have shown that the usual infinitesimal, global BRST transformation can be integrated out to construct the finite field dependent BRST (FFBRST) transformation [6] . The parameter in such transformation is anticommuting, finite in nature, depends on the fields, and does not depend on space-time explicitly. FFBRST transformations are also the symmetry of the effective theories and maintain the on-shell nilpotency property. FFBRST transformations can connect the generating functionals of two different effective field theories with suitable choice of the finite field dependent parameter [6] . For example, these transformations can be used to connect the FaddeevPopov (FP) effective action in Lorentz gauge with a gauge parameter λ to (i) the most general BRST/anti-BRST symmetric action in Lorentz gauge [6] , (ii) the FP effective action in axial gauge [7] [8] [9] [10] [11] , (iii) the FP effective action in Coulomb gauge [12] , (iv) FP effective action with another distinct gauge parameter λ ′ [6] and (v) the FP effective action in quadratic gauge [6] . The FFBRST transformation can also be used to connect the generating functionals corresponding to different solutions of the quantum master equation in field/antifield formulation [15] . The choice of the finite parameter is crucial in connecting different effective gauge theories by means of the FFBRST transformation.
The path integral measure in the expression for generating functional is not invariant under FFBRST transformation. The non-trivial Jacobian of such FFBRST transformation is the source for the new results.
FFBRST transformations have found many applications [7] [8] [9] [10] [11] [12] [16] [17] [18] [19] in the study of gauge theories. A correct prescription for the poles in the gauge field propagators in noncovariant gauges have been derived by connecting effective theories in covariant gauges to the theories in non-covariant gauges by using FFBRST transformation [12, 18] . The divergent energy integrals in the Coulomb gauge are regularized by modifying the time like propagator using FFBRST transformation [12] . The FFBRST transformation which is discussed so far, in literature is only on-shell nilpotent.
In this work, we formulate the FFBRST transformations in auxiliary field formulation to make these transformations off-shell nilpotent. We consider several examples to demonstrate that the FFBRST transformations in auxiliary field formulation also lead to similar results in connecting the different generating functionals. FP effective action remains invariant under a different form of BRST transformations where the roles of ghost and anti-ghost fields are interchanged, these BRST like transformations are known as anti-BRST transformations. Anti-BRST transformation does not play as fundamental role as BRST symmetry itself but it is a useful tool in geometrical description [13] of BRST transformation, in the investigation of perturbative renormalization of Yang Mills models [14] . We further construct the finite field dependent anti-BRST (FF anti-BRST) transformation analogous to the FFBRST transformation. By considering several similar choices of finite field dependent parameter in FF anti-BRST transformation we show that FF anti-BRST transformation also connects the generating functionals corresponding to different effective theories. Finally, we consider the formulation of FF anti-BRST transformation in auxiliary field formulation also to make it off-shell nilpotent. Now, we briefly mention the plan of the paper. We start with a small introduction to the FFBRST transformation in Sec. II and discuss the formulation of the FFBRST transformations in auxiliary field method with several examples in Sec. III. In Sec. IV, we construct FF anti-BRST transformation and consider few examples with different choices of finite parameter. In section V, we discuss the FF anti-BRST in auxiliary field formulation. We summarize the results in Sec. VI.
II. PRELIMINARY : FFBRST
Let us now briefly review the FFBRST formulation of pure gauge theories [6, 7, 12, [15] [16] [17] [18] [19] . FFBRST transformations are obtained by integrating the infinitesimal (field dependent ) BRST transformations [6] . In this method all the fields are functions of some parameter, κ : 0 ≤ κ ≤ 1. For a generic field φ(x, κ), φ(x, κ = 0) = φ(x) is the initial field and φ(x, κ = 1) = φ ′ (x) is the transformed field. Then the infinitesimal field dependent BRST transformations are defined as
where Θ ′ dκ is an infinitesimal field dependent parameter. It has been shown [6] by integrating these equations from κ = 0 to κ = 1 that the φ ′ (x) are related to φ(x) by the FFBRST transformations
and f is given by f = i
δ BRST φ i (x). These transformations are nilpotent and symmetry of the FP effective action. However, Jacobian of the path integral measure changes the generating functional correponding to FP effective theory to the generating functional for a different effective theory.
The meaning of these field transformations is as follows. We consider the vacuum expectation value of a gauge invariant functional G[A] in some effective theory,
where
Here, S 0 is the pure YM action 6) and the gauge fixing and ghost part of the effective action in Lorentz gauge are given as
The covariant derivative is defined as
Now we perform the FFBRST transformation φ → φ ′ given by Eq. (2.2). Then we 
Note that unlike the usual infinitesimal BRST transformation, the Jacobian for FFBRST is not unity. In fact, this non-trivial Jacobian is the source of the new results in this formulation. As shown in Ref. [6] for the special case
is some local functional of the fields and can be added to the action,
Thus the FFBRST transformations change the effective action of the theory.
III. OFF-SHELL NILPOTENT FFBRST
In this section, we intend to generalize the FFBRST formulation in an auxiliary field formulation. We only mention the necessary steps of the FFBRST formulation in presence of auxiliary field [15] . For simplicity, we consider the case of pure YM theory described by the effective action in Lorentz gauge
Following the procedure outlined in section II, it is straightforward to construct FFBRST transformations under which the above S L ef f remain invariant. These transformations are as follows:
The finite parameter, Θ(A, c,c, B) also depends on the auxiliary field B. However, a nontrivial modification arises in the calculation of Jacobian for this FFBRST in an auxiliary field formulation. The Jacobian can now be defined as
The transformation from φ(k) to φ(k + dk) is an infinitesimal one and one has, for its
where φ sums over all the fields in the measure A α µ , c α ,c α , B α and the ± sign refers to the cases of fields φ being bosonic or fermionic in nature. We evaluate the right hand side as
dropping those terms which do not contribute on account of the antisymmetry of structure constant. We calculate infinitesimal Jacobian change as mentioned in [6] to be 
Now, we consider different choices of the parameter Θ ′ (which is related to Θ through the relation in Eq. (2.3)) to show the connection between a pair of theories.
A. Connecting YM theory in Lorentz gauge to the same theory in axial gauge
To show the connection between YM theories in Lorentz gauge and axial gauge we start with the Lorentz gauge YM theory in the auxiliary field formulation, described by the effective action given in Eq. (3.1) and choose the finite parameter as
where γ 1 , γ 2 are arbitrary constants and λ is a gauge parameter. Using Eq. (3.6), we calculate the change in the Jacobian of such transformation as
We further make an ansatz for S 1 in this case as
The constants ξ i (κ) depend on κ explicitly and satisfies the following initial condition
Using Eq. (2.1) we calculate
From the condition mentioned in Eq. (3.7), we obtain
The last two terms of Eq. (3.13) vanishes by using equations of motion for ghost and antighost fields when the following condition is satisfied
14)
The non-local Θ ′ dependent terms are cancelled by converting them to local terms using anti-ghost equation of motion [18] . This can only work if the two Θ ′ dependent terms combine in a certain manner, depending again on the ratio of coefficients ofc α Mc α and
When the above two equations (3.14) and (3.15) are satisfied, the non-local Θ ′ dependent terms get converted to local terms. The coefficients of local terms (
α independently vanish, giving rise to following differential equations respectively,
The above equations can be solved for various ξ i (κ) using the boundary conditions given by Eq. (3.11) and the solutions (γ 2 = 1) are given as
Putting the above values in Eq. (3.10), we get
FFBRST in Eq. (3.2) with the parameter given in Eq. (3.8) connects the generating functional in Lorentz gauge,
to the generating functional corresponding to the effective action
where S ′A ef f is nothing but FP effective action in axial gauge with the gauge parameter ζ = (2γ 1 + 1)λ.
B. Relating theories in Coulomb gauge and Lorentz gauge
We again start with Lorentz gauge theory given in Eq. (3.1) and choose another parameter 21) to show the connection with theory in the Coulomb gauge. The change in the Jacobian due to this FFBRST transformation is calculated using Eq. (3.6) as
We try the following ansatz for S 1 for this case as
Now, using the condition Eq. (3.7) for replacing the Jacobian as e iS 1 and following the similar procedure as discussed in the previous case, we obtain exactly same solutions as given in Eq. (3.17) for the coefficients ξ i . Putting these solutions in Eq. (3.23) we obtain
The transformed effective action
which is the FP effective action in Coulomb gauge with gauge parameter ζ.
Thus, FFBRST with parameter given in equation (3.21) connects the generating functional for YM theories in Lorentz gauge to the generating functional for the same theory in Coulomb gauge.
C. FFBRST transformation to link FP effective action in Lorentz gauge to quadratic gauge
Next we consider theories in quatratic gauges which are often useful in doing calculations [20] . The effective action in quadratic gauge in terms of auxiliary field can be written as For this case, we start with the following choice of the finite field dependent parameter
We calculate the Jacobian change as
We make an ansatz for S 1 as
The unknown coefficients ξ i are determined by using the condition in equation (3.7) and the initial condition in equation (3.11) , to get
and
, which is effective action in quadratic gauge as given in Eq. (3.26) with gauge parameter ζ.
Thus, the FFBRST with parameter given in equation (3.27) connects Lorentz gauge theory to the theory for quadratic gauge.
D. FFBRST transformation linking FP action to the most general BRST/anti-BRST invariant action
The most general BRST/anti-BRST invariant action for YM theories in Lorentz gauge is given as [21] 
This effective action has the following global symmetries.
BRST:
anti-BRST:
The above most general BRST/anti-BRST effective action can be re-expressed in the auxiliary field formulation as,
The off-shell nilpotent, global BRST/anti-BRST symmetries for this effective action are given as BRST:
To obtain the generating functional corresponding to this theory, we apply the FFBRST transformation with the finite field parameter
on the generating functional given in Eq. (3.19) . Using Eq. (3.6), change in Jacobian can be calculated as
We further make an ansatz for S 1 as
The condition given in equation (3.7), can be written for this case as
We look for a special solution corresponding to the condition
Comparing the different coefficients, we get the following differential equations for ξ i (κ)
Solutions of the above equations subjected to the initial condition given in Eq. (3.11) are,
These solutions are consistent with condition in Eq. (3.41. Since γ 2 is arbitrary, we choose
αgζ to get
which is the same effective action as mentioned in Eq. (3.34), where ζ is the gauge parameter.
Thus even in the auxiliary field formulation the different generating functionals corresponding to the different effective theories can be connect through off-shell nilpotent FFBRST transformation with different choices of the finite parameter which also depends on the auxiliary field.
IV. FINITE FIELD DEPENDENT ANTI-BRST FORMULATION
In this section, we construct the FF anti-BRST transformation analogous to FFBRST transformation. For simplicity, we consider the pure YM theory in Lorentz gauge described by the effective action in Eq. (2.5) which is invariant under the following on-shell anti-BRST transformation:
where Λ is infinitesimal, anti commuting and global parameter. Following the procedure similar to the construction of FFBRST as outlined in the section II, we can easily construct the FF anti BRST transformation for the pure YM theory as
where Θ(A, c,c) is finite, field dependent and anticommuting parameter. We would like to investigate the role of such transformation by considering different finite field dependent parameters Θ ′ (A, c,c).
A. FF anti-BRST transformation to change the gauge parameter
First we consider a very simple example to outline the procedure. In this example, we
show that a simple FF anti-BRST transformation can connect the generating functional corresponding to YM effective action in Lorentz gauge with a gauge parameter λ to the generating functional corresponding to same effective action with a different gauge parameter λ ′ . We start with the Lorentz gauge effective action given in Eq. (3.1) with the gauge parameter λ and consider
with γ as arbitrary parameter. Using the expression given in Eq. (3.6), we calculate
We choose
The condition for replacing the Jacobian of the FF anti-BRST transformation with parameter given in Eq. (4.3) as e iS 1 is given in Eq. (3.7) and calculated as
The last term of above equation gives no contribution due to dimensional regularization and we can substitute [6] 
Thus the LHS of Eq. (4.6) is vanish iff
We solve this equation subjected to the initial condition given in Eq. (3.11) to obtain
Thus, at κ = 1 the extra term in the net effective action from the Jacobian is
The new effective action becomes
which is effective action in Lorentz gauge with gauge parameter λ ′ = λ/e −2γ . Thus, the FF anti-BRST in Eq. (4.2) with parameter given in Eq. (4.3) connects two effective theories which differ only by a gauge parameter.
B. Lorentz gauge theories to axial gauge theories using FF anti-BRST transformation
The effective action in Lorentz gauge given in Eq. (2.5) can be written as Similarly, the effective action in axial gauge can be written as 13) which is invariant under the following anti-BRST symmetry transformations
Now, we show that the generating functionals corresponding to these two effective action are related through FF anti-BRST transformation.
To show the connection, we choose
We calculate the change in Jacobian corresponding to this FF anti-BRST transformation using Eq. (3.6) as
We make an ansatz for S 1 as the following
where ξ i (κ) are parameters to be determined. The condition mentioned in Eq. (3.7 ) to replace the Jacobian as e iS 1 for this case is
The last four terms of Eq. (4.18) vanish by using equations of motion for ghost and antighost field and the non-local Θ ′ dependent terms are cancelled by converting them to local terms using anti-ghost equation of motion [18] . This occurs only if the two Θ ′ dependent terms combine in a certain manner, depending again on the ratio of coefficients
Comparing the coefficients of (
and (c αMcα − gf αβγcβ c γ η · A α ) respectively, we get
The solutions of the above equations (4.20) to (4.24) (for γ = 1) are
Putting these in the expression for S 1 , we have
which is nothing but the FP effective action in axial gauge.
Thus, the generating functional corresponding to Lorentz gauge and axial gauge can also be related by FF anti-BRST transformation. We observe FF anti-BRST transformation plays exactly the same role as FFBRST transformation in this example. 
Using equation (3.6), we calculate the change in Jacobian as
We make an ansatz for S 1 looking at the different terms in the effective action in Lorentz gauge and Coulomb gauge as
S 1 will be the part of the new effective action if and only if the condition in Eq. (3.7) is satisfied. The condition in this particular case reads as
Following the similar procedure as in subsection IV(A), we obtain S 1 at κ = 1 as
Adding this part to S L ef f we obtain
which is effective action in Coulomb gauge. Thus, the generating functionals corresponding to Lorentz gauge and Coulomb gauge can also be related by FF anti-BRST transformation.
D. FF anti-BRST transformation connecting FP action to most general BRST/anti-BRST invariant action
In order to connect these two theories viz. YM effective action in Lorentz gauge and the most general BRST/anti-BRST invariant action in Lorentz gauge, we consider finite field dependent parameter as
Then, corresponding to the above Θ ′ the change in Jacobian, using the Eq.(3.6), is cal-
Looking at the kind of terms present in the FP effective action in Lorentz gauge and in the most general BRST/anti-BRST invariant effective action in Lorentz gauge, we try an ansatz for S 1 as
(4.36) S 1 can be expressed as e iS 1 iff it satisfies the condition mentioned in Eq. (3.7). The condition for this case is calculated as
The coefficient of f αβγ ∂ · A αcβ c γ and f αβγcβcγ f αηξ c η c ξ gives respectively
For a particular γ = αλg 4
, the solutions of above two equations are
At κ = 1
Hence,
which is most general BRST/anti-BRST invariant effective action.
Thus, the generating functional corresponding to most general effective action in
Lorentz gauge can also be related through FF anti-BRST transformation.
V. OFF-SHELL NILPOTENT FF ANTI-BRST
The FF anti-BRST transformation, we have constructed in previous section, is on-shell nilpotent. In this section, we construct FF anti-BRST transformation which is off-shell nilpotent. For this purpose, we consider the following effective action for YM theories in auxiliary field formulation in Lorentz gauge
This effective action is invariant under anti-BRST transformation mentioned in Eq. (3.36).
Following the procedure outlined in Sec. III, we obtain the FF anti-BRST transformation in auxiliary field formulation as, A. FF anti-BRST transformation connecting YM theories in Lorentz gauge to Coulomb gauge
The effective action for YM theory in Coulomb gauge can be written after rearranging the ghost term as
To show the connection of this theory with the theory in Lorentz gauge, we choose the finite field dependent parameter
We note that this parameter is different from the parameter of the FFBRST in Section III B. Using the above Θ ′ , we find the change in Jacobian as
The essential requirement for replacing the Jacobian as e iS 1 mentioned in Eq. (3.7) is satisfied iff
In the above equation the two ghost terms vanish using equations of motion for ghost and antighost fields and nonlocal terms become local, only if, it satisfy the following conditions
We further obtain equations for the parameter ξ i by vanishing the coefficient of different independent terms in the LHS of the Eq. (5.7) as
We determine the parameter ξ i subjected to the initial condition in Eq. (3.11) as
Using the above solutions for ξ i , we write S 1 at κ = 1 as
Now, when this S 1 is added to the effective action S L ef f , it provides effective action in Coulomb gauge as 13) which is the effective action in Coulomb gauge with gauge parameter ζ.
Thus, FF anti-BRST in auxiliary field formulation produce the same result as expected, even though the finite finite parameter is different.
B. FF anti-BRST transformation connecting YM theories in Lorentz gauge to axial gauge
We repeat the same steps as in the previous subsection again for this case, with a different finite field dependent parameter
and consider the ansatz for S 1 as
The condition for which the Jacobian of FF anti-BRST transformation in auxiliary field formulation corresponding to the parameter given in Eq. (5.14) can be replaced as e iS 1 is,
The parameters ξ i are determined using this condition and we obtain the extra piece of the action S 1 as
Now,
where S ′A ef f is the effective action in axial gauge with gauge parameter ζ.
This implies off-shell nilpotent FF anti-BRST also produces the same result even though calculations are different. anti-BRST transformations play some sort of independent roles. Therefore, it will be interesting to study the finite field dependent BRST and anti-BRST transformations in 2-form gauge theories [22] .
